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Abstract 
 
BGS 102, a guidance material for bioaccessible arsenic (As) and lead (Pb), was produced 
during validation of the in vitro Unified Bioaccessibility Method (UBM). This paper reports a 
compilation of reproducible bioaccessible guidance values for fifty-five additional elements in 
BGS 102, providing guidance for analysts to broaden the scope of UBM analyses for a wider 
range of elements based on data collected over an average of 60 separate analytical 
batches per element. Data are presented in categories for both gastric (STOM) and 
gastrointestinal (STOM+INT) extraction phases, where reproducibility, measured as relative 
standard deviation (RSD) was; ≤10% RSD for 27 elements (Mg, Al, Si, P, Ca, Cr, Mn, Co, 
Ni, As, Rb, Sr, Y, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, Er, Tm, Yb); between 10-20% 
RSD for 10 elements (Li, K, V, Fe, Cu, Zn, Cd, Lu, Pb, U); and ≥20% RSD for 19 elements in 
the gastric phase (Be, B, S, Ti, Ga, Se, Zr, Nb, Mo, Ag, Sn, Sb, Cs, Hf, Ta, W, Tl, Bi, Th). 
Two elements (Mg, Rb) met the ≤10% RSD criteria in the UBM gastrointestinal extraction 
phase due to the alkaline conditions of this phase precipitating out the majority of 
determinands. Certain elements, including Na, K, Zn and Se, were found to be a significant 
component of the extraction fluids with proportionally higher concentrations compared to the 
guidance material. Bioaccessible fractions (%BAF) were also calculated, but were found to 
be a less reproducible format for confirming the accuracy of measurements. The low 
concentration of some elements of interest in BGS 102, such as antimony (Sb), justifies the 
preparation of an alternative certified reference material (CRM). This paper presents an 
opportunity to broaden the scope of the UBM method to address food security issues (e.g. 
Fe and Zn micronutrient deficiencies) and contributions to dietary intake from extraneous 
dust or soil through evidence of the analytical possibilities and current limitations requiring 
further investigation.  
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1. Introduction 
 
The in vitro Unified Bioaccessibility Method (UBM) is the result of extensive work carried out 
by the Bioaccessibility Research Group of Europe (BARGE) to develop a validated method 
for the assessment of the human health risk associated with ingestion and subsequent 
gastro-intestinal digestion of contaminated soils.1 The total concentration of a metal present 
in a sample is not an effective measure of the mass that an organism can absorb through 
digestion; as a result there is a need to identify a bioaccessible proportion that has the 
potential to affect an organism.2 Bioaccessibility testing is commonly used as a substitute for 
bioavailability testing due to decreased costs, quicker turnaround and suitability in a 
commercial context.3 
 
Due to the lack of reference materials with certified bioaccessible concentrations/fractions, a 
number of soil reference materials have been used as controls for in vitro studies.4 NIST 
2710a (Montana Soil) or 2711a (Montana Soil II) are the most widely used5, but their 
bioaccessible fractions (%BAF) are limited to a small number of elements such as arsenic 
(As) and lead (Pb), and are only intended as reference values to confirm the accuracy of a 
bioaccessiblity procedure.  As part of the UBM validation procedure a method-specific 
guidance material, BGS 102, was prepared at the British Geological Survey (BGS).6 
Through inter-laboratory testing a guidance value was determined for As in both gastric and 
gastrointestinal extraction phases and for Pb in the gastric phase. However, many site-
specific contaminated land risk assessments require the analysis of additional elements to 
fully evaluate the potential risk to human health.7  
 
The aim of this study is to assess the performance data of long-term analyses of BGS 102 to 
establish bioaccessible reference values for elements outside of the material’s certification, 
creating a framework for future inter-laboratory comparison. The expansion of the range of 
elements beyond those on BGS 102’s certificate to include elements that are typically used 
in contaminated land risk assessment would ensure a more comprehensive soil evaluation, 
and could increase the applicability of the UBM method to inform further research areas 
such as food security and micro-nutrient deficiency8,9,10,11,12,13, as well as assessment of 
exposure routes for other potentially harmful elements (PHEs).14, 15  
 
Micronutrient deficiencies (MNDs) can provoke the onset of physiological disorders, such as 
thyroid dysfunction (iodine deficiency)16, anaemia (Fe deficiency)17 and disruption of 
enzymatic and metabolic processes (Zn deficiency).13 Micronutrient deficiencies are more 
prevalent in developing countries due to predominantly plant-based diets, with low transfer of 
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micronutrients into crops resulting in insufficient concentrations to fulfil an individual’s daily 
intake requirements.18 The impact of MNDs on a population is most commonly assessed 
using dietary surveys19, but this approach can be unreliable if inaccurate consumption data 
are reported by participants.20 In addition, these surveys cannot account for extraneous 
sources of micronutrients (e.g. soil dust contamination), which can have a significant, but 
ultimately undesired, contribution towards overall dietary intake.18 Bioaccessibility testing 
could be used to discriminate between intrinsic (e.g. plant-based) and extrinsic (e.g. soil-
based) micronutrient sources, leading to better estimation of dietary intake. The change in 
extrinsic bioaccessibility due to modification of agricultural practices (biofortification, pH 
adjustment) could also be evaluated, resulting in more comprehensive dietary intake 
information and potentially greater control over exposure to extrinsic sources of 
micronutrients.21 
 
The release of PHEs into the environment through mining activity is well documented.22,23 
The use of biomarkers can be beneficial when comparing exposure within populations.24 
Biomarkers can only indicate short or long-term exposure to PHEs25, and so additional 
diagnostic procedures are required to identify routes of exposure. Bioaccessibility testing 
could be used to indicate PHE adsorption from a number of pathways, including geophagy 
practices26 and ingestion of extraneous dust through hand-to-mouth contact.27 It could also 
reinforce soil screening studies discriminating between lithogenic and anthropogenic sources 
of metals.28 Additional guidance  values for BGS 102 would increase the number of elements 
that could be reliably investigated, therefore expanding the scope of existing research and/or 
producing verifiable data for future examination.  
 
2. Materials and Methods 
 
2.1. Reagents 
All reagents used were of analytical grade. UBM extraction solutions were prepared 
according to instructions in the BARGE protocol using deionised water (18.2 MΩ cm; 
Millipore, UK).29 Multi-element calibration standards were prepared on the morning of each 
analytical run from 10 mg l-1 stock solutions (SPEX Certiprep, Middlesex, UK) using 1% v/v 
nitric (HNO3) and 0.5% v/v hydrochloric acid (HCl) (Romil, Cambridge, UK). Major elements 
(Al, Fe, Mg, Ca, Na, K, Ti, Mn, Sr, Ba, Zr) were calibrated using in-house standards 
prepared from 10,000 mg l-1 mono-elemental stock solutions (Romil, Cambridge, UK). 
 
The ICP-MS was optimised before each analytical run using a 5 µg l-1 tuning solution 
consisting of Li, Ce, Y and Tl (SPEX CertiPrep, USA). An internal standard solution 
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consisting of  Sc, Ge, Rh, In, Te and Irwas added to each sample in a 1:10 ratio via a T-
piece to correct for signal drift. Sc was obtained from Sigma-Aldrich (Gillingham, Dorset, 
UK); Ge, Rh, In and Ir were obtained from SPEX Certiprep (Middlesex, UK); and Te was 
obtained from SCP Science (Montreal, Canada). The internal standard stock solutions were 
diluted with 1% v/v HNO3, 0.5% HCl to achieve an individual count rate between 100,000 
and 500,000 counts per second (CPS), which was monitored before the start of each 
analytical run. 
 
2.2. Instrumentation   
Analysis of 57 elements was carried out using an Agilent 7500cx ICP-MS fitted with a 
CETAC ASX-520 autosampler. Sample introduction from the autosampler to the ICP-MS 
was controlled by a CETAC ASXpress+ vacuum pump. Multi-element quality control (QC) 
check standards, containing the trace elements of interest at 25 µg l-1, and a separate major 
element QC were analysed at the start and end of each run and after no more than every 20 
samples. To overcome polyatomic interferences the ICP-MS collision cell was operated in 
He mode at a flow rate of 5.5 ml min-1 for all analytes except Se, for which H2 gas was used 
at 4.5 ml min-1 due to the more intense interferences experienced with Se as a result of 
argon (Ar) dimers formed in the plasma.30 Samples were diluted 100-fold with 1% v/v HNO3. 
0.5% v/v HCl before analysis. This has the additional benefit of reducing the potential for 
precipitation of Sn and Ag from solution. Quantitative data analysis was carried out using 
MassHunter Workstation software (Agilent). 
 
2.3. Analytical Performance of 57 Elements 
The large amount of elemental data acquired for each run required verification to 
demonstrate the quality of the ICP-MS analysis. The accuracy of each analytical run was 
confirmed using three separate in-house quality control (QC) solutions prepared from 
purchased stock solutions, diluted to an intermediate concentration of 1 mg L-1 and analysed 
after no more than twenty samples; “QCA3” included Li, Be, V, Cr, Mn, Co, Ni, Cu, Zn, As, 
Se, Sr, Mo, Ag, Cd, Sb, Ba, Tl, Pb and U at 25 µg L-1, “QCBC” included Ti, Rb, Y, Zr, Nb, Sn, 
Cs, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W and Th at 25 µg L-1 
and “QCMaj” included Na, Mg, Al, S, K, Ca and Fe at 40 mg L-1; Ti and Mn at 4000 mg L-1; 
Sr, Zr and Ba at 800 mg L-1; and P at 8 mg L-1. To assess the performance of each element, 
the average concentrations for each QC within the UBM analytical runs were calculated and 
used to determine percentage bias by subtracting the average from the target value (Figures 
1, 2 and 3).  
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Figure 1: Percentage bias for QCA3 elements over the duration of the study 
 
 
 
 
Figure 2: Percentage bias for QCBC elements over the duration of the study 
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Figure 3: Percentage bias for QCMaj elements over the duration of the study 
 
Over the duration of the study, every element displayed QC data within +/- 5% bias for 
QCA3 (Fig. 1) and QCBC (Fig. 2) and within +/- 2% for QCMaj (Fig. 3), indicating acceptable 
analytical performance and increased confidence in the data produced for the unknown 
samples. The accuracy for the method-specific guidance material BGS 102 on the certified 
elements As and Pb acted as a secondary confirmation of the analysis quality (see section 
3.1). 
 
Each analytical run utilised the ICP-MS’ collision cell to remove common spectral 
interferences. Despite this, the analysis of solid dissolutions can still be prone to 
interferences on the larger-mass elements due to their higher concentrations in geological 
materials and contaminated land samples.30 These typically manifest themselves as oxides 
and doubly-charged interferences, which have the potential to create false-positive signals 
on other elements. To overcome these, Ce, Nd, Sm, Gd and Dy standards at 100 µg L-1 
were analysed at the start of each run to induce interferences on the elements (e.g. 150Nd++ 
and 150Sm++ on 75As), with a correction factor calculated during data workup used to remove 
the interference contribution to the unknown data. The common oxide interference 137Ba16O+ 
on 153Eu was corrected using a Ba standard at 1000 µg L-1 due to the lower abundance of 
137Ba.  
 
2.3. UBM extractions of BGS 102 
The standard methodology for the UBM procedure is outlined by BARGE and was used for 
all extractions.31 To confirm the accuracy of the extraction procedure, BGS 102 was 
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extracted once with every UBM phase batch (n = 10, one procedural blank, seven 
unknowns, one duplicate of the unknowns, one guidance material). The data were produced 
over approximately five years of UBM extractions. Mixed-acid digestion of BGS 102 was also 
undertaken with each batch to measure total elemental concentrations.32 
 
Simulated digestive fluids, representing saliva, gastric, duodenal and bile, were produced 
from inorganic and organic reagents and used to replicate the three main compartments of 
the human gastro-intestinal tract involved in digestion: mouth, stomach and small intestine. 
0.6 ± 0.01 g of BGS 102 was accurately weighed in duplicate into 85 ml Nalgene® oak ridge 
tubes (Thermo Scientific, UK). Simulated saliva and gastric fluid was added to each tube, the 
pH was adjusted to 1.2 ± 0.05, followed by one hour of end-over-end agitation in a 
temperature-controlled water bath held at 37°C. One of the duplicates was extracted through 
centrifugation at 4500g for 15 minutes (STOM phase), whilst the second was taken through 
the stomach+intestine extraction using simulated duodenal and bile fluids (pH adjusted to 
6.3 ± 0.5 where necessary to account for natural buffering of the sample material). 
 
The stomach+intestine extraction (STOM+INT phase) involved four hours of end-over-end 
agitation 37°C, followed by an identical centrifugation procedure. For both extractions, 10 ml 
of the supernatant was collected and preserved with 0.2 ml concentrated (15.9 M) HNO3 
prior to analysis by ICP-MS. Data from an average of 60 separate extraction runs per 
element have been collated in this exercise, although not all of these were for the full 
number of elements evaluated in this study. This accounts for the discrepancy between the 
number of extractions for each phase, which could be misconstrued as manipulation of the 
data in order to obtain optimum summary statistics. 
 
3. Results and Discussion 
 
3.1. Repeatability of UBM measurements for certified elements (As, Pb) 
BGS 102 is certified for As and Pb, therefore both the accuracy and precision of the 
extraction procedure and analysis can be verified through comparison of the data with the 
certified values. Demonstrating acceptable accuracy and precision for extractions of BGS 
102 is necessary to increase confidence in the additional elemental reference values 
produced (Figures 4 and 5). Precision was expressed as the percentage relative standard 
deviation (%RSD). 
 
Arsenic displayed <10% RSD in the STOM phase over 89 separate measurements, 
indicating good repeatability. The box and whisker plot for As in the STOM phase shows a 
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small distribution of data with an average As concentration of 3.9 ± 0.4 mg kg-1. A wider 
spread in the data can be observed for Pb in the STOM phase (n = 75), with an average 
concentration of 15.3 ± 3.0 mg kg-1. The potential for Pb contamination resulting from 
carryover of high sample concentrations could explain the larger data distribution, 
particularly as Pb is more mobile in the acidic conditions of the STOM phase.33  
 
The STOM+INT phase showed a marginally wider distribution for As (n = 77) over a similar 
number of measurements (3.3 ± 0.4 mg kg-1), indicating no significant difference in the 
behaviour of As between the two extraction phases. This observation has been noted in a 
number of studies and is most likely due to the tendency of As to form anionic species in 
solution, decreasing the influence of pH on the metal’s mobility in solution.34,35 In 
comparison, Pb (n = 56) showed a marked decrease in the measured bioaccessible 
concentrations due to its lower solubility at the higher pH of the STOM+INT phase. 
 
 
 
 
 
 
 
 
 
 
Figure 4: Box and whisker plot summarising bioaccessible concentrations of As in STOM (n 
= 89) and STOM+INT (n = 77) phases 
 
 
 
 
 
 
 
 
 
 
Figure 5: Box and whisker plot summarising bioaccessible concentrations of Pb in STOM (n 
= 75) and STOM+INT (n = 56) phases 
STOM Phase Pb STOM+INT Phase Pb 
STOM Phase As STOM+INT Phase As 
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The compiled concentrations (Table 1 and 2) and uncertainties show good agreement with 
the certified values for As and Pb in BGS 102,6 demonstrating proficiency and validating the 
method used in determining values for uncertified elements. The certificate for BGS 102 
reports bioaccessible element concentrations of 5.4 ± 2.4 mg kg-1 for As and 13 ± 6 mg kg-1 
for Pb, giving accuracies of 72% and 118% respectively from the averages reported in this 
paper. However, because the uncertainties reported in this paper indicate a much tighter 
distribution of values compared to the guidance  values (both calculated at one standard 
deviation from the mean), the seemingly poor accuracies become less significant and the 
error can be attributed to the larger spread of data used to calculate the certified 
bioaccessible concentrations.  In addition, the certificate data may not have been corrected 
for the doubly charged interferences from 150Nd++ and 150Sm++, both of which can give false-
positive results on 75As. 
 
3.2. Reference values for uncertified elements (n = 55) 
At the time of writing, uncertified BGS 102 elemental concentrations have not been widely 
reported in the literature for comparison. Tokatlıoğlu et al. reported five reference values as 
part of a study into nutritional supplements11 whilst Boisa et al. reported three for their work 
assessing the bioaccessibility of PHEs in metallurgical waste36. In both studies, the UBM 
method was modified for 0.3 g soil as opposed to the 0.6 g specified in the UBM protocol.29 
As is the case with this study, none of the reference values were validated using in vivo 
techniques. This study provides the first reference dataset for a wider range of elements in a 
guidance material specific to the UBM method. 
 
The mean concentrations for uncertified elements in both STOM and STOM+INT phases are 
reported in Tables 1 and 2 respectively.  
 
3.2.1. STOM Phase 
Twenty-seven elements, including As, displayed ≤10% RSD, demonstrating good 
repeatability over the evaluated measurements. A number of these can be highlighted as 
elements of interest to commercial and industrial sectors, particularly for contaminated land 
risk assessment and environmental consultancy groups.37 A further ten elements showed 
acceptable repeatability (10-20% RSD). Nineteen elements did not meet the repeatability 
criteria set for this study as the observed concentrations were close to or below the 
instrumental detection limit, increasing the significance of instrumental noise on the 
calculated precision.  Bioaccessibility testing of these elements would require preparation of 
additional reference materials or a suite of reference materials.  
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Sodium (Na), potassium (K) and calcium (Ca) demonstrated good performance data but are 
also present at consistently high concentrations in STOM phase blanks. These common 
procedural components can be attributed to the salts used in the preparation of the UBM 
reagents; as a result their presence in BGS 102 extractions will be due to the fluids and do 
not reflect the bioaccessible fraction of the element for the guidance material; therefore, Na 
has been omitted from the list of elements with acceptable performance data (see section 
3.4). 
 
3.2.2. STOM+INT Phase 
Owing to the higher pH of the STOM+INT extraction phase only four elements demonstrated 
acceptable reproducibility (<10% RSD). Arsenic was marginally outside of these criteria at 
12% RSD over 77 measurements. Arsenic exists as anionic species in solution, therefore pH 
does not have a significant impact on its mobility.35 When an element is noticeably affected 
by the extraction phase pH but demonstrates repeatability in the STOM phase, the STOM 
phase data is used as a more conservative estimate of bioaccessibility.38 Similar to the 
STOM phase, Na and K demonstrated good performance data but are present in the UBM 
procedural blanks, indicating a significant contribution from the reagents.  
 
3.3. Bioaccessible Fractions (%BAF) of Elements in BGS 102 
In addition to phase-specific bioaccessible reference values, the percentage bioaccessible 
fractions (%BAF) was also calculated and assessed for each element across forty separate 
analytical batches where both mixed acid digestion and bioaccessibility data were available 
(Table 3). Results from UBM bioaccessibility tests are most commonly, but not always, 
expressed as %BAF, calculated as: 
 
where blebioaccessiElement  is the comparatively higher bioaccessibility concentration obtained 
from either the STOM or STOM+INT phase. 
 
Twelve elements met the study repeatability criteria of ≤10% RSD. The %BAF could not be 
calculated for boron (B) and silicon (Si) due to decomposition and volatilisation during the 
mixed acid digestion procedure32. Arsenic was marginally outside of the acceptance criteria 
with 11% RSD, whilst Pb performed poorly with 32% RSD. Certain elements performed 
poorly due to inherently low bioaccessiblity values.31 Using the %BAF is efficient for data 
100(%) 



total
blebioaccessi
Element
Element
BAF
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presentation, but as the summary statistics suggest bioaccessible concentrations are a more 
reproducible way of confirming the accuracy of UBM extraction data for a larger number of 
elements. 
 
3.4. Influence of reagents on performance data 
Twenty-four inorganic and organic reagents are used to prepare the extraction fluids for the 
UBM method, leading to significant reagent concentrations that will bias the performance 
data for particular elements as the primary component of the measured concentration will be 
from the extraction fluids as opposed to BGS 102. The high concentrations for Na, K and Ca 
are immediately apparent as they are present in many of the inorganic salts used (NaCl, 
KCl, CaCl2), but a more comprehensive assessment of the UBM blanks was performed to 
establish additional elements with significant concentrations (Table 4). 
 
Table 4: Mean concentrations (mg l-1) of procedural contaminants in UBM blanks (n = 30) 
 
 
note: contribution percentages calculated from solution data (mg l-1), not solid data (mg kg-1) 
 
The mean concentrations calculated for Na and K in BGS 102 are solely due to the 
reagents, rather than Na and K present in the guidance material. The precipitation of 
elements from the STOM+INT phase is the likely explanation for the greater influence of 
reagents for this phase, as they are proportionally greater compared to the CRM 
concentrations. If the validation of UBM bioaccessibility data for Cu, Zn and Rb is required 
then higher-purity reagents should be used to prepare extraction fluids. Despite its poor 
performance (>20% RSD), Se has been included to highlight the significance of the reagent 
contamination on trace element data. Further work is required to establish whether the 
measured Se is in fact an interference caused by the extraction fluids’ behaviour in the H2 
reaction mode of the ICP-MS.  
 
Na Mg K Ca Cu Zn Se Rb
Phase mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 mg l-1
STOM 870 2 510 52 0.03 0.14 0.003 0.03
STOM+INT 2815 6 399 51 0.02 0.13 0.002 0.02
Contribution to BGS 102 
average STOM (%)
100 14 100 10 15 14 86 40
Contribution to BGS 102 
average STOM+INT (%)
100 53 100 23 26 100 100 50
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The bioaccessible concentrations for Na, K, Zn and Se have been retained in Tables 1+2 for 
completion only and have been omitted from the lists mentioned in the abstract and 
conclusion of this publication. 
4. Conclusions 
 
Through repeat UBM extractions and analyses of BGS 102, a framework of reproducible 
bioaccessibility guidance values have been established for 27 elements in the STOM phase 
(Mg, Al, Si, P, Ca, Cr, Mn, Co, Ni, As, Rb, Sr, Y, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, 
Er, Tm, Yb) and two elements in the STOM+INT phase (Mg, Rb), displaying RSDs of ≤10% 
over an average of 60 separate measurements per element. Despite the significance of Pb 
to bioaccessibility studies, the STOM phase RSD was only just within the 10-20% category. 
This could be due to differences in pH control criteria between iterations of the UBM 
protocol, which has been shown to significantly affect repeatability.35 Within both phases 
seven elements that displayed promising performance data are also present at significant 
concentrations in the UBM extraction fluids, calling attention to the issue of purity when 
selecting reagents for preparation of synthetic digestive fluids. A number of these elements 
(Na, Mg, K, Ca) are inherent to the process, but Cu and Zn in particular have a contribution 
low enough to allow for purer reagents to remediate this issue.  
 
Publication of data from a larger number of elements would allow augmentation of the UBM 
method with more studies. For example, assessment of intrinsic and extrinsic sources of Fe 
(e.g. dust on crops) and their respective bioaccessibilities could lead to better estimation of 
dietary intake.9 The consequences of rare earth and radioactive element disposal could be 
explored through bioaccessibility testing, particularly the issue of Th and U contaminated 
slurry tailings and their environmental impact.39 This is an area of research that has been 
neglected by the bioaccessibility community, but could be used to estimate the committed 
dose, and therefore the radiation risk, associated with ingestion over different timeframes.40 
 
With increased reagent purity, bioaccessibility testing of foodstuffs (rice, vegetation) could 
inform micronutrient deficiency (MND) research and the efficacy of biofortification, 
particularly in the case of Zn.8,13 Zinc plays an important role in a vast number of biological 
processes, therefore the verification of Zn bioaccessibility data could apprise a number of 
nutritional and lifestyle studies in addition to micronutrient deficiencies, including drug 
delivery systems and diabetes research.41, 42 Bioaccessibility testing could be used to study 
the effects of modified farming techniques (liming, organic reincorporation) on metal transfer 
into crops, complimenting bioaccessibility data for the parent soil and allowing for speciation 
data to be incorporated where appropriate. For example, uptake of chromium (Cr) into plants 
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is highly dependent on its speciation, with hexavalent chromium (Cr(VI)) being more mobile 
in the environment than the trivalent form (Cr(III)). Cr(VI) is highly-toxic and a recognised 
carcinogen whilst Cr(III) plays a role in the metabolism of carbohydrate, fat and protein.43 
Liming has been shown to reduce soil organic content44, which can in turn increase 
bioaccessibility of Cr(VI); the subsequent increase in soil pH through liming also decreases 
the likelihood of Cr(VI) reduction to the less toxic Cr(III).45 Post-fortification bioaccessibility 
testing of soils and staple crops would be a fast, inexpensive technique that could be carried 
out on a routine basis to monitor fortification programmes and highlight any issues arising 
from changes in agricultural practices. 
 
In addition to MND research, the health risk associated with the anthropogenic release of 
potentially harmful elements (PHEs) into the environment could also be assessed on a wider 
scale. For example, rare earth elements (REEs) have been used extensively in China as 
microelement fertilisers for crop growth and improved yield.46, 47, 48 The low mobility of REEs 
in the environment can lead to bioaccumulation in crops and soil, increasing concern about 
the ingestion pathway as an exposure route for REEs.49 There is no established biological 
role for REEs, but La3+ can compete with Ca2+ in biological systems50, causing disruption of 
digestive enzymes and poor adsorption of essential substrate constituents.51 Bioaccessibility 
testing could identify at-risk areas and compliment biomarker data (blood, nails, hair, urine) 
for the monitoring of REE-body burden, improving the biological understanding of REEs and 
what risk they pose to human health. 
 
Further work includes a comprehensive inter-laboratory trial, allowing for outright certification 
of elements or additional verification of reference values obtained during this study. This will 
increase confidence in reported data and could expand the scope of the UBM method 
beyond land quality management and risk assessment to include environmental, agricultural 
and health studies. The low concentrations of some potentially harmful elements highlighted 
within the bioaccessibility community (Be, Se, Sb) also require the preparation of an 
alternative CRM or suite of CRMs to broaden the scope of UBM bioaccessibility testing of 
contaminated land or agricultural soils. 
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Table 1: Mean STOM phase bioaccessible concentrations (mg kg-1), standard deviation and 
percentage relative standard deviation for uncertified elements. “” denotes elements with 
≤10% RSD, “~” 10-20% RSD, “” ˃20% RSD. “<DL” denotes elements with concentrations 
below instrument detection limit. 
  
Element Measurements (n) Mean (mg kg-1) S.D. %RSD
Accept based on 
RSD?
Na 50 31655 3082 10 
Mg 50 560 43 8 
Al 54 2568 245 10 
Si 50 2111 194 10 
P 50 3247 219 7 
Ca 50 18265 1886 10 
Cr 74 36.7 2.48 7 
Mn 71 2979 294 10 
Co 71 9.5 0.99 10 
Ni 72 13.0 1.27 10 
As 89 3.9 0.36 9 
Rb 54 3.1 0.27 9 
Sr 54 30.0 2.36 8 
Y 54 15.8 1.14 7 
Ba 54 72.2 6.02 8 
La 54 14.1 1.25 9 
Ce 54 36.9 3.56 10 
Pr 54 4.3 0.39 9 
Nd 54 17.8 1.54 9 
Sm 54 3.9 0.36 9 
Eu 54 0.87 0.08 9 
Tb 54 0.58 0.06 10 
Gd 54 3.8 0.38 10 
Dy 54 3.4 0.31 9 
Ho 54 0.64 0.06 10 
Er 54 1.8 0.16 9 
Tm 54 0.24 0.02 10 
Yb 54 1.5 0.14 10 
Li 52 2.1 0.39 18 ~
K 50 19033 2071 11 ~
V 72 6.1 0.91 15 ~
Fe 66 854 237 28 ~
Cu 68 8.6 1.03 12 ~
Zn 71 41.3 4.45 11 ~
Cd 72 0.24 0.03 11 ~
Lu 54 0.20 0.02 12 ~
Pb 75 15.3 2.97 19 ~
U 60 0.27 0.05 20 ~
Be 52 0.60 0.19 31 
B 6 11.9 7.89 66 
S 50 3241 1022 32 
Ti 54 1.6 2.16 134 
Ga 54 0.41 0.68 165 
Se 52 0.16 0.19 117 
Zr 54 0.24 0.47 194 
Nb 54 <DL N/A N/A 
Mo 53 0.15 0.05 34 
Ag 52 0.05 0.08 149 
Sn 54 0.05 0.10 211 
Sb 54 <DL N/A N/A 
Cs 54 0.04 0.02 41 
Hf 54 0.01 0.01 199 
Ta 54 0.02 0.06 374 
W 54 0.02 0.03 131 
l
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Table 2: Mean STOM+INT phase bioaccessible concentrations (mg kg-1), standard deviation 
and percentage relative standard deviation for uncertified elements. “” denotes elements 
with ≤10% RSD, “~” 10-20% RSD, “” ˃20% RSD. “<DL” denotes elements with 
concentrations below instrument detection limit. 
 
 
 
Element Measurements (n) Mean (mg kg-1) S.D. %RSD
Accept based on 
RSD?
Na 44 270025 13868 5 
Mg 42 829 58 7 
K 44 36371 2028 6 
Rb 48 4.2 0.44 10 
P 44 3020 505 17 ~
Ca 44 19683 2088 11 ~
V 55 3.4 0.49 14 ~
Cr 51 13.1 2.41 18 ~
Mn 62 1810 325 18 ~
Co 69 5.5 0.71 13 ~
Ni 65 10.5 1.10 11 ~
As 77 3.3 0.41 12 ~
Sr 48 24.5 3.32 14 ~
Li 46 2.0 1.05 53 
Be 46 0.17 0.14 78 
B 6 22.3 35.6 160 
Al 48 925 319 34 
Si 44 2408 477 20 
S 44 7585 2381 31 
Ti 47 1.6 1.89 119 
Fe 50 342 101 29 
Cu 59 8.7 1.88 22 
Zn 57 9.5 2.35 25 
Ga 48 0.07 0.13 181 
Se 46 0.27 0.276 102 
Y 44 5.0 1.42 28 
Zr 48 <DL N/A N/A 
Nb 48 <DL N/A N/A 
Mo 47 1.5 0.33 22 
Ag 47 <DL N/A N/A 
Cd 57 0.11 0.03 26 
Sn 48 0.03 0.35 1288 
Sb 49 <DL N/A N/A 
Cs 47 0.06 0.05 91 
Ba 48 22.5 7.23 32 
La 47 4.2 1.34 32 
Ce 47 11.4 3.78 33 
Pr 48 1.3 0.47 36 
Nd 48 5.4 1.96 36 
Sm 48 1.2 0.45 38 
Eu 48 0.26 0.10 38 
Tb 48 0.18 0.07 38 
Gd 48 1.1 0.43 38 
Dy 48 1.1 0.40 38 
Ho 48 0.20 0.07 36 
Er 48 0.58 0.20 36 
Tm 48 0.08 0.03 36 
Yb 48 0.53 0.19 35 
Lu 48 0.08 0.03 39 
Hf 48 <DL N/A N/A 
Ta 48 0.01 0.14 1980 
W 48 0.32 0.48 152 
Tl 48 0.04 0.07 192 
Pb 56 1.9 0.44 23 
Bi 48 0.01 0.01 249 
Th 43 0.23 0.08 35 
U 51 0.20 0.06 28 
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Table 3: Mean bioaccessibility fractions (%BAF), standard deviation and percentage relative 
standard deviation for uncertified elements. Highlight denotes ≤10% RSD.  
 
 
Element Mean (%BAF) SD %RSD
Li 5.1 0.97 19
Be 22.7 9.0 39
Na 17484 9223 53
Mg 25.4 18.0 71
Al 6.7 0.66 10
P 117 9.0 8
S 609 313 51
K 329 61.2 19
Ca 95 11.6 12
Ti 0.16 0.15 98
V 1.8 0.31 17
Cr 16.6 2.6 16
Mn 41.0 6.4 16
Fe 0.53 0.20 38
Co 21.0 3.9 19
Ni 15.5 1.8 12
Cu 33.4 5.8 17
Zn 22.3 3.7 17
Ga 7.6 13.8 183
As 4.5 0.50 11
Se 57.6 55.7 97
Rb 7.1 1.2 17
Sr 43.1 2.7 6
Y 46.3 4.3 9
Zr 0.56 0.54 97
Nb 0.30 0.26 86
Mo 17.8 7.7 43
Ag 133 238 180
Cd 60.3 9.9 16
Sn 2.6 2.4 92
Sb 6.0 7.2 121
Cs 1.5 0.37 25
Ba 25.9 2.2 9
La 36.8 5.4 15
Ce 34.6 8.6 25
Pr 37.3 4.0 11
Nd 36.2 8.9 25
Sm 37.5 4.1 11
Eu 39.9 4.9 12
Tb 42.1 4.4 10
Gd 41.7 4.2 10
Dy 40.4 3.5 9
Ho 41.6 4.1 10
Er 40.1 3.8 9
Tm 36.8 3.6 10
Yb 35.3 3.6 10
Lu 35.1 5.0 14
Hf 0.77 0.95 124
Ta 16.1 27.9 173
W 27.2 28.0 103
Tl 14.6 9.0 62
Pb 17.6 5.6 32
Bi 1.7 0.87 52
Th 1.3 0.93 74
U 12.8 2.2 17
